A novel microscopy technique, spatial-domain low-coherence quantitative phase microscopy (SL-QPM), is proposed to obtain quantitative phase imaging of sub-cellular structures with sub-nanometer sensitivity. This technique utilizes a low spatial-coherence from a thermal light source and produces a speckle-free, nanoscale-sensitive quantitative phase map of scattering objects. With this technique, for the first time to our knowledge, we quantified the refractive index of the cell nuclei on the original unmodified histology specimens. The results show that the average refractive index of the cell nucleus is significantly increased in cells from cancer patients compared to that of the histologically normal cells from healthy patients. More importantly, we demonstrate the superior sensitivity of refractive index of cell nucleus in detecting cancer from histologically normal cells from cancer patients. Because this technique is simple, sensitive, does not require special tissue processing, and can be applied to archived specimens, it can be disseminated to all clinical settings.
INTRODUCTION
The ability to quantitatively interrogate the cell architecture, especially at the nanoscale, is of great importance for many biomedical applications [1] . Conventional light microscopy does not provide sufficient quantitative information on the sub-cellular organelles of a biological cell. Quantitative phase microscopy has emerged as an important technique for the investigation of cell structures and dynamics [2] [3] [4] due to the ultra-sensitivity of light interference effect to detect nanoscale structural alterations. The recent development of common-path interferometer has effectively eliminated the notorious external noise artifacts that have hampered the biological applicability of quantitative phase microscopy [5] [6] . However, the clinical applications of quantitative phase microscopy, especially cancer diagnosis, have not been extensively explored. Several factors may contribute, such as speckle noise, difficulty for clinical implementation of patient sample preparations, and lack of known diagnostic quantitative parameters.
We present Spatial-domain Low-coherence Quantitative Phase Microscopy (SL-QPM) that produces a speckle-free nanoscale-sensitive map of optical path length differences of the subcellular architecture. We validate this technique by experiments with U.S. Air Force resolution target. To demonstrate the potential of SL-QPM for clinical translation of cancer diagnosis, we quantified, for the first time to our knowledge, the refractive index of the cell nuclei on the original unmodified histology specimens. We showed that the accurate quantification of refractive index of the cell nucleus can detect the presence of invasive breast cancer at a level more sensitive than 
METHODOLOGY
Three major technical characteristics of SL-QPM contribute to its high sensitivity and clinical applicability: reflectance-mode, low spatial-coherence illumination from a thermal light source, and spectroscopic detection. Compared to conventional transmission-mode light microscopy, the reflectance mode effectively suppresses the effect of absorption due to the staining reagents commonly used in most clinical cytology or histology specimens, and highlights the interference signals. The illumination from a thermal light source coupled with a low numerical aperture (NA) objective provides a low spatial coherence length (approximately 700nm [7] ), which serves as virtual aperture to eliminate the speckle noise and decompose a three-dimensional complex scattering medium into many one-dimensional channels. White-light spectroscopic detection allows us to quantify the phase information of the scattering object through the spectral analysis of wavelength-dependent interference signals. The glass substrate and tissue components of the histology slides serve as a reference and a sample, respectively that share a common path, effectively eliminating the slightest external disruptions that may compromise the ultra-high sensitivity.
The detailed description of the hardware design of SL-QPM is described elsewhere [8] . In brief, a broadband white light from a Xenon-arc lamp was collimated by a 4f system (divergence angle of ~0.8º) and focused on the sample by a low-NA objective (NA = 0.4). The reflectance-mode scattering signals were collected and projected by a tube lens onto the slit of an imaging spectrograph coupled with the CCD camera which is mounted on a scanning stage. By linearly scanning the slit of the spectrograph with a step size, we obtain a reflectance-mode microscopic image data cube ( , , ) I x y k at each pixel of the microscopic image, where represents the wavenumber and ( , ) x y represents the spatial position of each pixel. The procedure for the data processing is summarized in Fig. 1 . The backscattering spectrum from each pixel is normalized by the spectral profile of the optical system, which accounts for the wavelength-dependent response of the light source and optical components. Each spectrum is numerically resampled to evenly spaced wavenumbers and multiplied by a Hanning window before applying a fast Fourier transform. The Fourier transformed data at the prominent peak that corresponds to the depth of interest were selected for phase processing. After taking the discrete Fourier transform, a complex-valued is obtained and the phase can be extracted by taking the argument of F: 
RESULTS
In order to demonstrate the performance of SL-QPM for quantitative imaging, a U.S. Air Force (USAF) resolution target is used as testing objects. To map the nanoscale depth profile of the patterned chrome on a USAF resolution target (Edmund Optics), the reference coverslip was suspended on the top of the resolution target. The measured OPL was converted to the physical depth information by dividing the OPL by the refractive index of the air (n = 1). Figure 3 shows the depth profile of the smallest bar on the target, of which the spatial period is 4.4 μm. Lateral resolution is demonstrated by the resolving the smallest bar (spatial period of 4.4µm) on the target. The color bar represents the unit of nanometer. The height of the patterned chrome layer on the USAF target was measured to be 120 nm, consistent with the reported values in the literature [5] .
In the experiment with polystyrene microspheres, the sample consists of a glass coverslip (thickness d ~ 170 μm) with monodispersed polystyrene microspheres (ThermoFisher Scientific) that were uniformly smeared and dried from 10 ml of aqueous solution onto the glass surface. The phase map of the microsphere clearly shows its spherical profile (Fig. 4) . The diameter of the microsphere is experimentally determined to be 4.92 μm (with the microsphere refractive index n = 1.59), which is close to the manufacturer-reported diameter of 5.003 ± 0.04 μm. To demonstrate the capability of SL-QPM for clinical cancer diagnosis, we evaluated the original unmodified histology specimens of breast biopsies processed with the standard clinical protocol (formalin fixed, paraffin embedded and stained with hematoxylin and eosin). The slides were reviewed by an expert pathologist who marked the cells of interest. The refractive index was determined by dividing the measured OPL by the known physical thickness of the tissue section (i.e., 4 μm) controlled by the pre-set section thickness of the microtome. Figure 5 shows the conventional histology images and the corresponding refractive index maps of cell nuclei from normal cell nuclei from healthy control patients undergoing reduction mammoplasty, uninvolved tissue (i.e., histologically normal tissue from patients with invasive breast cancer) and malignant tissue from patients with invasive breast cancer. The average refractive index of the cell nucleus In conclusion, we developed SL-QPM that generates the speckle-free and nanoscale-sensitive quantitative phase map. We demonstrate the promise of this technique for improving cancer diagnosis through characterizing the alterations of refractive index of cancer cell nuclei on the original histology specimens prepared with standard clinical protocols, especially its potential in detecting cancer from histologically normal-appearing cells. This technique opens up a new possibility of investigating the unmodified and archived clinical specimens for early detection and prognosis of cancer. In the future, this technique may be used for characterization of cell and tissue nano-architectures of clinical specimens, or identification of diagnostically valuable optical parameters associated with disease-specific sub-cellular characteristics.
